Compressional and shear reflection, compressional and shear VSP/check shot, compressional refraction tomography, and multi-channel analysis of surface waves (MASW) techniques were evaluated and determined effective and accurate in defining and delineating the seismic wave velocity structure of rocks supporting a thin-arch cement dam in north-central Utah. A reliable measure of seismic properties as a function of depth is important to the comprehensive and accurate appraisal of site response and vibration modes in concrete dams. Models used to predict dam performance during earthquakes are only as realistic as the material attributes incorporated into those simulations. Proven correlation between seismic properties and stiffness/rigidity is the basis for highly detailed measurements of the seismic wavefield at this dam site. Optimal 30-fold CMP seismic reflection profiles provided images from within the massive conglomerate supporting the dam. The conglomerate possessed bedding plains dipping upward of 20 degrees and visible fractures both along bedding plains and at right angles to dominant bedding surfaces. Of particular interest was the right abutment of the dam, which was not only most accessible but the strongest influence on the dam performance during ground shaking events. VSP profiles through both the cement dam and downstream toe provided excellent velocity control and identified changes in rock types within the first 200 ft below ground surface. Calculations of Poisson's ratio based on continuous, detailed, coincident measurements of compressional and shear-wave velocities at each significant geologic contact and within each major geologic unit were critical to realizations of site response at this site where failure potential is known to exist.
Introduction
A reliable measure of seismic properties as a function of depth is important to the US Bureau of Reclamation's comprehensive and accurate appraisal of site response and vibration modes in the thin concrete arch East Canyon Dam in Morgan County, Utah. Material response to shaking within and in proximity to the dam must be reasonably well known for accurate evaluation of failure potential and associated risk, considering any significant ground motion at this dam site will likely be controlled or at least influenced by a fault less than 300 ft from the dam structure. Models used to predict dam performance during earthquakes and floods are only as realistic as the material attributes (especially rigidity) incorporated into those simulations. Proven correlation between seismic properties and stiffness/rigidity were the basis for highly detailed measurements of the seismic wavefield at this dam site. Realizations for areas with liquefaction or rock failure potential are enhanced when the velocity field used to calculate Poisson's ratio is based on continuous, detailed, coincident measurements of compressional and shear-wave velocities at each significant geologic contact and within each major geologic unit.
East Canyon Dam is located in north central Utah, 11 miles southeast of the town of Morgan, Utah (Figure 1 ). With a drainage area of around 145 sq miles this 260 ft high dam is the thinnest of the concrete thin arch dams operated by the Bureau of Reclamation (a thin arch dam is defined as having a structural height ratio of 0.2 or less) (Figure 2) . With a 7 ft wide crest and base width of only 20 ft, the strength of this 436 ft long (crest) dam comes from its curved geometry. Completed in 1966, it is located in a narrow-walled canyon where the East Canyon Creek has cut through very hard, massive, wellcemented beds of late upper-Cretaceous conglomerate. This massive conglomerate is part of a sequence of layers possessing a dominant upstream dip. With the Wasatch Fault located about 12 miles west of the dam and an unnamed fault (previous suggested to be inactive) about 300 feet upstream from the dam, interest in the seismic and structural characteristics of the dam and the upper 300 to 400 ft of sediments supporting the dam is justified. This applied research project was designed to evaluate the effectiveness of coincident measurements of in-situ compressional and shear velocities using checkshot, VSP, MASW (Park et., al, 1999) turning-ray tomography (Zhang and Toksoz, 1998) and high-resolution seismic reflection (Steeples and Miller, 1990) . All methods and associated measurements targeted rocks within 350 ft of the ground surface. These measurements of velocity and maps of bed geometry were intended to support the more general sitewide characterization underway by the Bureau of Reclamation. Velocity measurements in the two boreholes-one on the dam crest and one downstream at the dam tow-are the control points for site response models. Velocity measurements within the dam itself and at and in close proximity to the contact between the dam and native materials were necessary to constrain model studies at this thin arch dam. Seismic reflection profiles were used to provide information concerning the consistency and geometry of layering between boreholes and identify anomalies (within the upper several hundred feet extending about 300 ft upstream and around 1500 ft downstream) that might influence realizations. The primary goal of this study was to determine the P-and S-wave velocity distribution in the concrete, at the concrete/rock interface, and within the right abutment rock.
Methods
This applied research project is attempting to evaluate the applicability of several seismic techniques to identify, delineate, and estimate the seismic characteristics or properties of materials within and beneath East Canyon Dam. These methods include: P-wave refraction tomography (2-D turning ray), surface-wave analysis (MASW), VSP (near vertical and offset), checkshot survey (downhole), and 2-D P & S reflection.
• Turning ray tomography was used to define V p for subsurface cells along the 2-D profiles along the crest and toe of the dam targeting velocity variations within the near-surface rock, joints/ fractures within the shallow rock layers, and characteristics of the rock/cement interface.
• Compressional and shear (oriented longitudinal and transverse) wave near-vertical and offset VSP surveys were conducted in two holes (one at the crest through the cement dam and several hundred feet into the right abutment rock and one through the native conglomerate rock at the toe of the dam). Primary objectives of the VSP surveys were to identify and delineate the basal contact of the conglomerate the dam in built on.
• Check-shot (downhole velocity survey) was designed to acquire average and interval velocities with the cement dam and conglomerate, looking specifically at anomalous zones and velocity anisotropy effects.
• Multi-channel surface wave inversion techniques (MASW) focused on shear wave various within the upper few tens of feet of the conglomerate at the toe and within the cement dam and the contact between the dam and rock. Specifically the survey along the crest was attempting to identify anomalies that might be present within a thin zone at the contact between the dam and rock.
• Compressional and shear wave, 2-D high-resolution seismic reflection data were acquired along the right abutment and at the toe perpendicular to the axis of the dam. The surveys were designed to evaluate the feasibility of coincidently mapping changes in rock properties based on coincident changes in V p and V s . A key target was delineating the basal contact of the conglomerate and defining its geometry within 1000 ft upstream and downstream of the dam.
Tests to determine field efficiency, resolution potential, cost effectiveness, interpretability (signal-to-noise), processing requirements, and measurement accuracy were integral to each of the individual seismic technique studies.
Borehole seismic measurements were made to allow checkshot style downhole surveys as well as offset VSP analysis. These borehole data were acquired and processed in such a way as to provide compressional and shear velocities throughout the drilled intervals, allowing optimal interfacing to engineering studies of the dam. Both longitudinal and transverse oriented shear velocity measurements were acquired (assuming the Geological Survey of Canada's three-pod hole-lock geophone) so that shearwave anisotropy within the boreholes can be identified and trends mapped. The two boreholes had specific objectives. The toe (downstream) borehole survey targeted near-surface sediments and helped establish trends/consistency in material properties when compared to data from beneath the structure. A deeper boring was on the dam crest and sample about 55 ft of the dam's thrust block and another 350 ft or so of the natural foundation material. Once beneath the cement dam the native material (conglomerate observed in outcrop) was encountered throughout the sampled interval.
High-resolution seismic reflection surveys included both compressional and shear-wave modes. It was hoped the seismic reflection data could be used to sufficiently delineate the 2-D geometry of the conglomerate that vibration models could be developed that accurately accounted for this massive unit. Another objective was to attempt to extend the V p /V s relationship within the conglomerate as far upstream and downstream along the abutment as possible. The geometry and velocity structure of the massive conglomerate the dam is constructed on is essential components of vibration models and associated simulations that are used to evaluate the resistance of the structure to earthquake energy.
MASW and turning ray tomography are targeting anomalies within the shallow portion of the native rock and materials within several tens of feet of the cement/rock interface. Near the ground surface the dipping layers within the conglomerate produce an irregular contact between the weathered and unweathered materials. Associated changes in velocity appear to represent pinnacle-looking structures on velocity cross-sections. Based on borehole sonic measurements a marked change is present in shear velocity between the conglomerate and cement, which should provide a target for MASW analysis along the crest of the cement dam.
Acquisition
Four different data acquisition methods were used during this study. Seismic sources included an IVI minivib 1 in both compressional and shear configurations and an accelerated weight drop. The seismograph used for all components was a Geometrics StrataView w/NZC StrataVisor controller. A total of 240 channels were available. Receivers included Geospace 4.5 Hz vertical geophones, Mark Products paired 40 Hz geophones, Geospace 14 Hz horizontal geophones, and a custom designed threepod, three-component Geostuff hole lock geophone.
Seismic reflection included both compressional and shear (SH) along the right abutment and at the toe starting near the outlet works. Receiver spacing was 8 ft and source spacing was 16 ft for both. Along the abutment a total of just over 1600 ft of profile was acquired. The IVI minivib was used in compressional mode and then switched on site to shear.
MASW and turning ray tomography data were acquired using a towed spread of geophones. A total of 30 4.5 Hz geophones connected to steel shoes on a fire hose were drug behind a skid steer style loader with a mechanical accelerated weight drop. Receiver spacing was 4 ft and source station spacing was 8 ft. Continuous surveys were acquired by dragging the spread of geophones behind the source from source point to source point.
VSP and check shot survey data were acquired with two source offsets and 3.25 ft downhole receiver spacing. The IVI minivib provided both longitudinal and transverse shear data by rotating the mass, while compressional wave data were provided by the accelerated weight drop. Alignment of the borehole receiver was accomplished using a compass located on the bottom pod, which was affixed to the other pods with a high-speed change to eliminate independent rotation of the three pods.
Processing
Data processing for each different component of the wavefield was accomplished using software and techniques appropriate for the method. Seismic reflection data were processed using well established high-resolution methods. Somewhat more recent but none the less defensible is the processing methods used for surface-wave dispersion analysis. SurfSeis was used to analyze the surface-wave applying the MASW method. Turning-ray tomography data were produced by analyzing first arrivals picked from towed spread data. The same data were used for both MASW and tomography at this site. VSP data were processed using very simple methods targeting unique slope dependencies of upcoming reflections relative to most of the energy recorded on VSP data, which is downgoing.
Interpretation
None of the methods worked up to their full potential. In part this is related to the extremely difficult geology and abundant noise present on this site. The dipping conglomerated with a multitude of local fractures in association with the steep cliff face along which the seismic reflection was acquired provided excellent scatter and out of the plane reflection sources. Even with these obstacles reflection appear to have been recorded and by looking at dip specific directional data it is possible to interpret a discontinuity at around 400 or so feet near the dam deepening in the down stream direction (Figure 3) . A marked change in near-surface material is also evident from about 400 ft downstream and continuing in the downstream direction. Reflections interpreted on all four seismic sections (P and S from toe and abutment) have character similarities that with some degree of skepticism can be correlated between lines. VSP data (Figures 4, 5 , and 6) suggest several intervals where velocity variations (likely associated with fractures) are present, but the only confident reflection appears to come from depths beneath the bottom of the borehole. This reflecting event is likely the basal contact of the conglomerate, which was speculated to be observed on the CMP reflection data. It can also be suggested from these data that some shear-wave anisotropy exists within the conglomerate.
MASW and turning ray tomography (Figure 7 ) both suggest a low-velocity thin veneer of weathered conglomerate overlays a very high-speed conglomerate. Dipping and associated subcrop of unweathered conglomerate are evident on tomography data as shingling of high-velocity slabs with an apparent dip consistent with surface mapping. 
Conclusions
Although none of the methods provided a clear picture of the subsurface and more importantly definitive seismic velocity values as a function of depth that could be mapped away from the borehole, the data when interpreted coincidently did provide significantly more information about the properties of the conglomerate than available through any other method. It was also possible to constrain the model sufficiently for vibration simulations to be carried out.
